the maximum insolation anomaly), and this age is used here. The third point (90.7 m) refers to the decline of Mediterranean elements and is assigned an age of 122.6 ka (event 5.51 of the SPECMAP time scale) on the basis of joint pollen and isotopic data from marine cores (23). Finally, the uppermost point (83.2 m), after which NAP percentages begin to exceed 50%, represents the transition from the last interglacial to the ensuing stadial and is assigned an age for the MIS 5e/5d boundary of ϳ116 ka (22).
Fractionation of light stable isotopes such as C, O, N, and S is controlled by inorganic processes related to temperature changes and phase transitions, and by biological processes (1) . This dual control can make it difficult to interpret the origin of isotopic differences in rocks. For example, excursions in ␦ 13 C values in deep-sea sediments can be interpreted as a function of changes in the productivity of the oceans or the partial pressure of CO 2 of the atmosphere (2) . In contrast, intermediatemass elements such as Fe may not be fractionated substantially by inorganic processes because the relative mass difference between Fe isotopes is less than that of C, O, N, or S isotopes. However, biological processes may produce measurable Fe-isotopic fractionation because the metabolic processing of Fe involves a number of steps, such as transport across membranes and uptake by enzymes (3) , that may fractionate isotopes.
Few studies have documented biological fractionation of transition metal elements (4) because of the difficulty of measuring precisely the isotopic ratios of transition metals (5) . Thermal ionization mass spectrometry (TIMS) can produce high-precision isotope ratio measurements of these metals and, in the case of Fe, is not subject to large interferences by Ar-containing species (for example, 40 Ar 16 O and 40 Ar 14 N), as is inductively coupled plasma mass spectrometry. However, TIMS produces large mass-dependent isotope fractionations during the course of a measurement, which must be corrected before the natural isotopic composition of a sample can be determined. Previous attempts to correct instrumental, mass-dependent isotopic fractionation of Fe used an empirical approach that produced data with a 1 precision of only 2 to 3 per mil for 56 Fe/ 54 Fe (6) , an uncertainty that exceeds the range in nature. Here we used a mixed double spike to correct for instrumental mass bias (7) (8) (9) . With the use of this technique, it is possible to make Fe isotope ratio measurements that are precise to Ϯ0.2 to 0.3 per mil (1) for 56 Fe measured for the Earth-moon system is 15.7028 (7). Terrestrial and lunar rocks comprise an isotopically homogenous igneous iron reservoir that is thought to represent the bulk isotopic composition of Earth and the moon.
Two sets of experiments were performed to determine the magnitude of Fe-isotopic fractionation that might be produced by microorganisms. Experiment 1, run in duplicate at the University of Wisconsin-Milwaukee (U.W.-Milwaukee), used S. algae (strains BCM 8 and BrY) grown on a ferrihydrite substrate in an LM growth medium (10) . After inoculation of the ferrihydrite ϩ growth medium solution with the cells, the bacteria were allowed to reduce Fe for 8 hours. One run was contained in a 10,000 molecular weight dialysis bag (ferrihydrite ϩ cells ϩ growth medium) suspended in a 100-ml flask of LM growth medium, which allowed the ferrihydrite and cells to be removed from the growth medium. The other run was done in a 100-ml flask, followed by separation of the ferrihydrite and cells from the growth medium ϩ hydrolyzed Fe(II), by filtration. Ferrous iron in the growth medium solution was precipitated by adding ultrapure ammonia, to increase the pH to 9 to 10 immediately after the solution was exposed to the atmosphere, and then allowed to sit for 3 to 5 days. Abiological control experiments were run in parallel; addition of ammonia did not precipitate any iron, confirming that no substantial amount of ferrous Fe was generated. The ammonia precipitation procedure effectively removes the Fe(II) from the growth medium as a ferric oxyhydroxide, which was centrifuged and washed three times in doubly distilled H 2 O. The precipitate was dissolved in 6 M HCl, after which followed chemical processing and isotopic analysis with the methods of (7, 8) .
Experiment 2, performed at the Jet Propulsion Laboratory (JPL), used S. algae BrY grown on ferrihydrite in an LB growth medium (11) . Three runs were made, harvesting Fe 13, 15 , and 23 days after inoculation, which produced Fe(II) contents of 5.5, 11.1, and 35.6 parts per million (ppm) Fe, respectively (12) . Each solution was sterilized with a 0.2-m filter. Reacted ferrihydrite from runs 2 and 3 was saved for Fe isotope analysis. Splits (50 ml) of the Fe(II) solutions were evaporated to dryness and the organic material combusted in quartz crucibles in a muffle furnace at 700°C for 8 hours. The remaining solids were dissolved in 6 M HCl and processed for Fe isotope analysis as in (7, 8) . A parallel set of 50-ml aliquots from each run was processed, for comparison with the samples that were combusted, where Fe was harvested as an oxyhydroxide using 10 ml of 30% H 2 O 2 in ammonia to bring the pH to 9 to 10. The precipitated Fe oxyhydroxide was treated in the same manner as in the U.W.-Milwaukee experiments. The JPL experiments also included an abiological control, which was harvested by the H 2 O 2 ϩ ammonia precipitation technique, as well as by the evaporation and combustion technique.
The high levels of Fe(II) that are produced The JPL experiments were scaled so that the isotopic composition of the abiological control could be analyzed. This control has an anomalously low ␦ 56 Fe compared with the Fe(II) from the bacterial experiment. Moreover, there are significant differences between the Fe-isotopic compositions determined by the precipitation technique and the evaporation and combustion technique, for harvest 1 as well as for the abiological control ( Fig. 1 and Table 1 produced during the dissolution of ferrihydrite (Fig. 1) . For example, if there was no biological fractionation of Fe isotopes and the bacteria served only as a catalyst for the ferrihydrite dissolution that was accompanied by Fe isotope fractionation, then the products harvested from the three experiments should lie along a Rayleigh distillation curve that defines a fractionation factor (Fe(II)-ferrihydrite) of Ϫ2.6 per mil (Fig. 1) . Alternatively, if the Fe(II) in the experiments reflects a mixture of biologically produced Fe that was not isotopically fractionated and a "blank" of low ␦ 56 Fe (abiological control), then the isotopic compositions of the biological experiments should plot along a mixing line defined by the ␦ 56 Fe of the stock ferrihydrite and the abiological control (Fig. 1) . Neither of these explanations is consistent with the relation observed between ␦ 56 Fe and 1/Fe, and it seems most likely that Fe(II) produced in the bacteriacontaining experiments undergoes biologically produced Fe-isotopic fractionation.
The differences between the Fe-isotopic compositions of the Fe(II) harvested by the precipitation technique, and of that harvested by the combustion technique for the abiological control and harvest 1 (which contained the lowest Fe contents) probably reflect differing proportions of biologically produced Fe and Fe blank. The evaporation and combustion method includes Fe(II) that has been produced by bacteria and any Fe blank in the growth media (which may have a low ␦ 56 Fe, as indicated by the abiological control). In contrast, the Fe precipitation method most likely contains only Fe that has been processed by bacteria if the blank Fe of the growth media is complexed by an organic ligand.
The Fe-isotopic fractionation produced by S. algae BrY grown on a ferrihydrite substrate may follow a Rayleigh distillation law (Fig. 1B) , where the fractionation factor (ferrihydrite-Fe(II)) is 1.3 per mil for 56 (13) .
We have measured anomalous Fe-isotopic compositions in iron-bearing minerals from sedimentary environments, including Fe-Mn nodules from the Pacific and Atlantic Oceans and individual layers from banded iron formations ( Fig. 2 Fe for groundwater from the same site (4) are thought to reflect mass balance in a biologically mediated system. 
